Background: The environment-induced cracking (EIC) of as-annealed Ni 3 (Si,Ti) and Ni 3 (Si,Ti) with 2Mo has been researched as functions of applied stress, chloride ion concentration, test temperature, and pH. Methods: The investigation of EIC was carried out by applying a constant method in NaCl solutions.
Background
Ni 3 (Si,Ti) intermetallic compounds with L1 2 structure have special strength and ductility properties, that is, (1) an increase in flow strength with increasing temperature and (2) high ductility over a wide range of test temperature (Takasugi et al. 1990; Takasugi and Yoshida 1991 ). Especially, their strength level was extraordinarily high compared to those of other L1 2 ordered intermetallic compounds which have been developed as advanced high temperature materials (Kaneno et al. 2008) . On the other hand, Ni 3 (Si,Ti) intermetallic compounds have remarkable mechanical properties compared to those of conventional alloys such as nickelbased alloys and high-strength alloy steel and stainless steel. In addition, this intermetallic compound showed an excellent oxidation resistance in air at ambient and elevated operational temperatures (Kaneno and Takasugi 2007) . Furthermore, an improvement in the mechanical property of the Ni 3 (Si,Ti) compound was also conducted with macro-alloying, i.e., addition of molybdenum, which enhanced hardness and tensile strength and improved elongation at various operational temperatures ). Kaneno and coworkers ) elucidated that both asannealed Ni 3 (Si,Ti) and Ni 3 (Si,Ti) with 2Mo compounds after cold rolling then annealing at 1273 K in 1 h have higher ductilities compared with both as-cold rolled Ni 3 (Si,Ti) and Ni 3 (Si,Ti) with 2Mo, whereas the tensile stresses of both as-annealed Ni 3 (Si,Ti) and Ni 3 (Si,Ti) with 2Mo are lower than those of as-cold rolled Ni 3 (Si,Ti) and Ni 3 (Si,Ti) with 2Mo. On the other hand, the compounds have shown to be prone to environmental embrittlement (hydrogen embrittlement) at ambient temperature in moisture in air and hydrogen gas (Takasugi et al. 1993a; Takasugi et al. 1993b; Takasugi et al. 1995a ). The addition of boron of Ni 3 (Si,Ti) was to restrain environmental embrittlement (Takasugi et al. 1995a) , even though the intergranular attack was observed for this as-homogenized compound in acidic solutions, which took place by boron segregation at grain boundaries (Priyotomo et al. 2011) .
Moreover, the other researchers already investigated the advantageous effect of Cr and Nb addition for reducing the susceptibility of hydrogen embrittlement for Ni 3 (Si,Ti) compound in air and distilled water, and H 2 gas (Takasugi and Hanada 2000; Ma et al. 1995; Kaneno et al. 2002) but not Mo addition. On the contrary, Priyotomo and co-workers found that the EIC susceptibility of as-cold rolled Ni 3 (Si,Ti) with the addition of Mo was lower than that of as-cold rolled Ni 3 (Si,Ti), which showed the beneficial effect of Mo (Priyotomo et al. 2015) . Moreover, the usefulness of investigating the environment-induced cracking of as-annealed Ni 3 (Si,Ti) and Ni 3 (Si,Ti) with 2Mo shows the effect of Mo.
However, with regard to as-annealed Ni 3 (Si,Ti) and asannealed Ni 3 (Si,Ti) with 2Mo compounds, there is little study on environment-induced cracking (EIC) in aqueous solution, Therefore, we have investigated the EIC behavior of those intermetallic compounds in chloride solutions as functions of applied stress, test temperature, chloride (Cl − ) ion concentration, and pH by applying a constant load method. The objectives of the paper are (1) to clarify the EIC behavior of those intermetallic compounds and (2) to presume an EIC mechanism.
Methods
Ni-11 at.% Si-9.5 at.% Ti and Ni-11 at.% Si-7.5 at.% Ti-2 at.% Mo compounds with the addition of 50 wt. ppm of boron were prepared by applying an arcmelting method under an argon gas atmosphere. Afterward, the ternary alloy will be written as Ni 3 (Si,Ti), and the quaternary alloys will be mentioned as Ni 3 (Si,Ti) with 2Mo. The chemical compositions of those materials are given in Table 1 .
Those intermetallic compounds were homogenized at 1323 K for 2 days under an argon atmosphere and then cooled with a cooling rate of 283 K/min in a vacuum furnace. Homogenized ingot was conducted with a warm rolling at 573 K in open air until obtaining a certain thickness and then with a cold rolling until 1.2 mm of thickness in 75 % reduction. After that, the rolled ingot was annealed at 1273 K for 1 h under an argon atmosphere, where the ultimate tensile stress, yield stress, and strain of as-annealed Ni 3 (Si,Ti) were 1453 MPa, 673.2 MPa, and 42 %, while those of as-annealed Ni 3 (Si,Ti) with 2Mo were 1530 MPa, 840 MPa, and 35.5 %, respectively. Furthermore, the high strains of both intermetallic compounds mean that the compounds tended to the ductile materials. The effect of Ti addition increased a property of ductility for Ni 3 (Si,Ti) compounds (Kaneno et al. 2002) where the addition of Mo could slightly reduce the strain of Ni 3 (Si,Ti) with 2Mo compounds . In addition, the microstructure of as-annealed Ni 3 (Si,Ti) showed an L1 2 single phase with an equiaxed grain while asannealed Ni 3 (Si,Ti) with 2Mo showed a very fine microstructure of equiaxed grain containing an L1 2 phase and a two-phase microstructure consisting of L1 2 and Ni ss phases as well as Kaneno and co-workers' results .
The specimens were manufactured (gauge length 10 mm, width 2 mm, and thickness 1.2 mm), where they were cut perpendicularly to the rolling direction. Prior to the experiments, the specimens were polished to 1000 grit emery paper, degreased with acetone in an ultrasonic cleaner, and then washed with distilled water. The test solution used was sodium chloride (NaCl) solution with various chloride ion concentrations (10 −4 -2 kmol/m 3 ) prepared from distilled water and guaranteed grade reagent. The test temperature was in the range of 333-373 K with an accuracy of ±1 K. The pH was in the range of 2-8. All experiments were carried out under an open circuit condition.
A lever-type constant load apparatus (lever ratio 1:10) to which the specimens can be separately and simultaneously attached was used with a cooling system on top to avoid evaporation of the test solution during the experiments. The specimens set into the EIC cell were insulated from rod and grip by a surface oxidized zirconium tube. Elongation of the specimen under the constant load condition was measured by an inductive linear transducer with an accuracy of ±0.01 mm.
Results and discussion
Corrosion elongation curve and three parameters (t f , l ss , and t ss ) Figure 1 shows a representative of the corrosion curves (elongation versus time) up to failure for as-annealed Ni 3 (Si,Ti) at a constant applied stress of 1000 MPa and Ni 3 (Si,Ti) with 2Mo at a constant applied stress of 1450 MPa in 0.5 kmol/m 3 NaCl solution at 313 K. In addition, the result of corrosion elongation curves can be obtained, when a constant load is applied to a specimen at a constant temperature in corrosive environments and a time variation in elongation up to fracture (Nishimura 1990 ). They consisted of three time intervals with an initial rise of elongation, constant elongation, At.% ppm
Ni 3 (Si,Ti) + 2Mo -11.0
and second rise in elongation to failure as well as those intervals for as-cold rolled Ni 3 (Si,Ti) and Ni 3 (Si,Ti) with 2Mo (Priyotomo et al. 2015) . Furthermore, as shown in the magnified figure inserted in Fig. 1 , the three parameters were acquired for each specimen at every applied stress: time to failure (t f ), steady-state elongation rate (l ss ) for the straight part of the corrosion elongation curve, and transition time (t ss ), where t ss is the time when the elongation deviates from linearity. However, we could get only l ss from the corrosion elongation curve, when it was not fractured within a laboratory time scale (<10 7 s).
Applied stress dependence of the three parameters Figure 2 shows the relationship between applied stress and t f in 0.5 kmol/m 3 NaCl solution at 313 K for both Ni 3 (Si,Ti) and Ni 3 (Si,Ti) with 2 Mo. The relationships were found to be divided into three regions (1-3 in Fig. 2 ), where arrows in region 3 mean that the specimens of Ni 3 (Si,Ti) were not fractured within a laboratory scale ( <10 7 s) as well as those regions for as-cold rolled Ni 3 (Si,Ti) and Ni 3 (Si,Ti) with 2Mo (Priyotomo et al. 2015) . In addition, in region 3, the specimen of Ni 3 (Si,Ti) had no fracture within a laboratory scale while that of Ni 3 (Si,Ti) + 2Mo was fractured within a laboratory scale. The maximum applied stress (σ max ) and the minimum stress (σ min ) in region 2 become larger for Ni 3 (Si,Ti) with 2Mo than those of Ni 3 (Si,Ti), and the t f of Ni 3 (Si,Ti) was longer than that of Ni 3 (Si,Ti) in region 2. Figure 3 shows the relationship between applied stress and l ss for Ni 3 (Si,Ti) and Ni 3 (Si,Ti) with 2Mo in 0.5 kmol/m 3 NaCl solution at 313 K. It was also found that the relationships were divided into three regions (1-3 in Fig. 3 ), corresponding to those in Fig. 2 . The steady-state elongation rate, l ss of Ni 3 (Si,Ti) with 2Mo, was smaller than that of Ni 3 (Si,Ti) in region 2. Furthermore, in region 3, Ni 3 (Si,Ti) had no fracture with the order of 10 −12 m/s while Ni 3 (Si,Ti) with 2Mo was fractured with the same order. Figure 4 shows the relationship between applied stress and t ss /t f for both Ni 3 (Si,Ti) and Ni 3 (Si,Ti) with 2Mo in 0.5 kmol/m 3 NaCl solution at 313 K. In region 1, the value of t ss /t f tended to increase with increasing applied stress and became close to unity for both intermetallic compounds, whereas that in region 2 was almost constant independent of applied stress with a high value of 0.98 ± 0.02. On the other hand, in region 3, the value of t ss /t f for Ni 3 (Si,Ti) could not be acquired, because no fracture took place, whereas the value of that for Ni 3 (Si,Ti) with 2Mo became close to unity.
The result thus obtained indicated that the applied stress dependence of the three parameters was basically 3 NaCl solution at 313 K. t f time to failure, l ss steady-state elongation rate, t ss transition time Fig. 2 The relationships between applied stress and time to failure in 0.5 kmol/m 3 NaCl solution at 313 K. Ni 3 (Si,Ti) (black square). Ni 3 (Si,Ti) with 2Mo (circle) Fig. 3 The relationships between applied stress and steady-state elongation rate in 0.5 kmol/m 3 NaCl solution at 313 K. Ni 3 (Si,Ti) (black square). Ni 3 (Si,Ti)with 2Mo (circle) the same as those for as-cold rolled Ni 3 (Si,Ti) and Ni 3 (Si,Ti) with 2Mo (Priyotomo et al. 2015) , austenitic stainless steel (Alyousif and Nishimura 2006; Alyousif and Nishimura 2007) , Al-Cu alloy (Izumoto and Nishimura 2010) , and pure Ti . Therefore, it was presumed that the three regions (1 to 3) for both as-annealed intermetallic compounds corresponded to the stress-dominated, EIC-dominated, and corrosion-dominated regions, respectively. The deviation of linearity each region could be applied to divides the three regions. Nishimura and co-worker elucidated that the stress corrosion cracking (SCC) occurrence could take place in the SCC-dominated region (Nishimura and Yamakawa 1998) . In the stress-dominated and corrosiondominated regions, the reduction in cross-sectional area is caused by high applied stress in any environments and by a general corrosion in the case of the intermediate and aggressive environments (Nishimura and Yamakawa 1998) . Furthermore, the applied stress at the border between the EIC-dominated and corrosion-dominated regions is the minimum applied stress or threshold stress (σ T ), below which no EIC occurs.
Test temperature dependence of the three parameters Figure 5 shows the relationship between t f and a reciprocal of test temperature at a constant applied stress of 1000 MPa for Ni 3 (Si,Ti) and at that of 1450 MPa for Ni 3 (Si,Ti) with 2Mo in 0.5 kmol/m 3 NaCl solution, where these applied stresses belonged to those in the EIC-dominated region. On both intermetallic compounds, t f increased linearly with increasing the reciprocal of test temperature over the whole temperature range carried out. In the same way, the l ss -1/T relationship corresponded to that in Fig. 5 as shown in Fig. 6 . Figure 7 shows the relationships between t ss /t f and a reciprocal of test temperature in the EIC-dominated region. The decrease in t f and the increase in l ss with an increase in the test temperature propose the contribution of corrosion reaction on the fracture of these compounds. It was found that t ss /t f for both those intermetallic compounds was almost constant independent of test temperature and was the same in that of the EICdominated region as shown in Fig. 4 .
Chloride ion concentration dependence of the three parameters Figure 8 shows the relationship between t f and Cl − ion concentration for Ni 3 (Si,Ti) at a constant applied stress of 1000 MPa and Ni 3 (Si,Ti) with 2Mo at 1450 MPa in Fig. 4 The relationships between applied stress and ratio of transition time to time to failure in 0.5 kmol/m 3 NaCl solution at 313 K. Ni 3 (Si,Ti) (black square). Ni 3 (Si,Ti) with 2Mo (circle) Fig. 5 The relationships between time to failure and a reciprocal of test temperature measured in 0.5 kmol/m 3 NaCl solution. Ni 3 (Si,Ti) at a constant applied stress of 1000 MPa (black square). Ni 3 (Si,Ti) with 2Mo at a constant applied stress of 1450 MPa (circle) Fig. 6 The relationships between steady-state elongation rate and a reciprocal of test temperature measured in 0.5 kmol/m 3 NaCl solution. Ni 3 (Si,Ti) at a constant applied stress of 1000 MPa (black square). Ni 3 (Si,Ti) with 2Mo at a constant applied stress 1450 MPa (circle) NaCl solutions for 313 K, where these applied stresses belonged to those in the EIC-dominated region. The relationship at each intermetallic compound was divided into two regions (I-II). On both compounds, in region I, no fracture occurred. In region II, t f decreased with increasing Cl − ion concentration. Moreover, the deviation of linearity each region could be applied to divides the two regions. Figure 9 shows the relationship between l ss and Cl − ion concentration for Ni 3 (Si,Ti) at a constant applied stress of 1000 MPa and Ni 3 (Si,Ti) with 2Mo at 1450 MPa in NaCl solutions for 313 K. The Cl − ion concentration dependence of l ss corresponded to that of t f in Fig. 8 . Figure 10 shows the relationship between t ss /t f and Cl ion concentration for Ni 3 (Si,Ti) at a constant applied stress of 1000 MPa and Ni 3 (Si,Ti) with 2Mo at 1450 MPa in NaCl solutions for 313 K, where t ss /t f at region I could not be acquired when no fracture occurred. From Fig. 10 , t ss /t f for both compounds was almost constant independent of Cl − ion concentration in region II and was the same high value of 0.98 ± 0.02 as those in Figs. 4 and 7. Furthermore, in region I, the chloride concentrations at which longer fracture time occurred was defined as a critical chloride concentration (Cl − cri ) where no fracture occurred within the laboratory time scale below the critical chloride Fig. 7 The relationships between ratio of transition time to time to failure and a reciprocal of test temperature in the EIC-dominated region measured in 0.5 kmol/m 3 NaCl solution. Ni 3 (Si,Ti) at a constant applied stress of 1000 MPa (black square). Ni 3 (Si,Ti) with 2Mo at a constant applied stress of 1450 MPa (circle) Fig. 8 The relationships between time to failure and chloride ion concentration in NaCl solution at 313 K. Ni 3 (Si,Ti) at a constant applied stress of 1000 MPa (black square). Ni 3 (Si,Ti) with 2Mo at a constant applied stress of 1450 MPa (circle) Fig. 9 The relationships between steady-state elongation rate and chloride ion concentration in NaCl solution at 313 K. Ni 3 (Si,Ti) at a constant applied stress of 1000 MPa (black square). Ni 3 (Si,Ti) with 2Mo at a constant applied stress of 1450 MPa (circle) Fig. 10 The relationships between ratio of transition time to time to failure and chloride ion concentration in NaCl solution at 313 K. Ni 3 (Si,Ti) at a constant applied stress of 1000 MPa (black square). pH dependence of the three parameters Figure 11 shows the relationship between t f and pH in 0.5 kmol/m 3 NaCl solution at 313 K for Ni 3 (Si,Ti) at a constant applied stress of 1000 MPa and Ni 3 (Si,Ti) with 2Mo at 1450 MPa, where these applied stresses belonged to those in the EIC-dominated region. The relationship at each intermetallic compound was divided into three regions (A-C). On both compounds, in region A, t f decreased rapidly with increasing pH. In region B, t f slightly increased linearity with increasing pH, while in region C, no fracture occurred within the laboratory time scale. Moreover, the deviation of linearity each region could be applied to divides the three regions. Figure 12 shows the relationship between l ss and pH in 0.5 kmol/m 3 NaCl solution at 313 K for Ni 3 (Si,Ti) at a constant applied stress of 1000 MPa and Ni 3 (Si,Ti) with 2Mo at 1450 MPa at 313 K. The pH dependence of l ss corresponded to that of t f in Fig. 11 . Figure 13 shows the relationship between t ss /t f and pH in 0.5 kmol/m 3 NaCl solution at 313 K for Ni 3 (Si,Ti) at a constant applied stress of 1000 MPa and Ni 3 (Si,Ti) with 2Mo at 1450 MPa at 313 K, where t ss /t f at region C could not be obtained when no fracture occurred. From Fig. 13 , t ss /t f for both compounds was almost constant independent of pH in region B and was the same high value of 0.98 ± 0.02 as those in Figs. 4, 7, and 10. However, in region A, the value of t ss /t f tended to be close to unity. Figure 14 shows representative fracture appearances of Ni 3 (Si,Ti) at a constant applied stress of 1000 MPa and Ni 3 (Si,Ti) with 2Mo at 1450 MPa in 0.5 kmol/m 3 NaCl solution at 313 K. The fracture appearances of Ni 3 (Si,Ti) were intergranular while Ni 3 (Si,Ti) with 2Mo was a mixture of intergranular and transgranular. The same fracture appearance was observed for the specimens obtained in the experiments with the change in applied stress in the EIC-dominated region, test temperature, Cl − ion concentration in region II, and pH in region B. On the other hand, applied stress dependence in regions 1 and 3 and pH in region A were predominantly dimple. Fig. 11 The relationships between time to failure and pH in 0.5 kmol/m 3 NaCl solution at 313 K. Ni 3 (Si,Ti) at a constant applied stress of 1000 MPa (black square). Ni 3 (Si,Ti) with 2Mo at a constant applied stress of 1450 MPa (circle) Fig. 12 The relationships between steady-state elongation rate and pH in 0.5 kmol/m 3 NaCl solution at 313 K. Ni 3 (Si,Ti) at a constant applied stress of 1000 MPa (black square). Ni 3 (Si,Ti) with 2Mo at a constant applied stress 1450 MPa (circle) Fig. 13 The relationship between the ratio of transition time to time to failure and pH in 0.5 kmol/m 3 NaCl solution at 313 K. Ni 3 (Si,Ti) at a constant applied stress of 1000 MPa (black square). Ni 3 (Si,Ti) with 2Mo at a constant applied stress of 1450 MPa (circle) In this work, we divided the results of the synergy of corrosion and mechanical stress for the as-annealed Ni 3 (Si,Ti) and Ni 3 (Si,Ti) with 2Mo into three regions 1-3 in applied stress dependence and A-C in pH dependence while in Cl − ion concentration, the result of those for both intermetallic compounds divided into two regions I-II. The corrosive condition was fixed at 313 K in 0.5 kmol/m 3 NaCl solution, and the three regions were observed with increasing applied stress: No failure region 3 for Ni 3 (Si,Ti) and failure region 3 for Ni 3 (Si,Ti) with 2Mo where the mechanical stress and corrosiveness were too low to lead failure, region 2 where the mechanical stress became adequate to induce EIC at the given corrosiveness, and region 1 where the mechanical stress is too high to induce EIC at the given corrosiveness, with a consequent mechanical failure. This is defined as stress-dominated region. Moreover, the corrosiveness was changed from high to low by decreasing pH. Corrosion-dominated region is A, where corrosive degradation is too rapid in induced EIC at the applied mechanical stress, leading to final mechanical failure of the specimen, and final cross section is too small to avoid the mechanical failure whereas no corrosion-dominated region occurs in Cl − ion concentration dependence. Regions II and B are the EIC region where both corrosiveness and mechanical stress act synergistically to induce EIC. In regions I and C, both mechanical stress and corrosiveness are too low to lead failure, while the chloride concentration of intermetallic compounds are below their critical chloride concentration in region I although material degradation proceeds by prolonged corrosion. As is well known, EIC occurs by the synergy of mechanical stress and corrosion in regions 2, II, and B. Therefore, let us elucidate the behavior of EIC of these intermetallic compounds.
Fracture appearance
A parameter for prediction of time to failure Figure 15 shows the relationship between l ss and t f for Ni 3 (Si,Ti) and Ni 3 (Si,Ti) with 2Mo in the EIC-dominated region, acquired as functions of applied stress in the EIC-dominated region (Figs. 2 and 3 ), test temperature (Figs. 5 and 6), Cl − ion concentration in region II (Figs. 8 and 9), and pH in region B (Figs. 11 and 12 ). The relationship was found to become an identical straight line regardless of applied stress, test temperature, Cl − ion concentration, and pH as expressed below,
The above linear equation means that l ss is a relevant parameter for predicting t f . In addition, it was found that the slope in Eq. (1) was the same as those for both as-cold rolled Ni 3 (Si,Ti) and Ni 3 (Si,Ti) with 2Mo (Priyotomo et al. 2015) , Al-Cu alloy (Izumoto and Nishimura 2010) , pure Ti , and austenitic stainless steels (Alyousif and Nishimura 2008) . Furthermore, from the extrapolation of straight line to the t f axis, when l ss becomes of the order of 10 −12 m/s, t f has the order of 10 7 s, which is beyond the laboratory time scale. Therefore, whenever l ss is of the order of 10 −12 m/s or less, it is concluded that no failure occurs within the laboratory time scale. Therefore, this shows that l ss is also an indicator on assessment of whether EIC takes place or not. As for the relationship between l ss and t f in region A (Figs. 11 and 12 ) for both intermetallic compounds and in region 3 (Figs. 2 and 3) for Ni 3 (Si,Ti) with 2Mo, the relation deviated from Eq. (1), which means that the fracture did not occur by EIC.
Determination of SCC or hydrogen embrittlement
The results obtained showed that the EIC of both intermetallic compounds took place with an identical EIC mechanism from the following things: (1) the value of t ss /t f was always 0.98 ± 0.02; (2) the fracture appearances were intergranular for as-annealed Ni 3 (Si,Ti) and the mixture of intergranular and transgranular; and (3) the relationship between log l ss and log t f was identical, irrespective of applied stress, test temperature, Cl − ion concentration, and pH. Furthermore, EIC takes place by either SCC or hydrogen embrittlement (HE). Therefore, we will deduce which is the cause of EIC of these intermetallic compounds considering the present results and those previously reported.
A weight loss was investigated for both compounds in 0.5 kmol/m 3 NaCl solution at 313 K without applied stress, where the procedure and conditions were the same as those reported in those previous papers (Priyotomo et al. 2011; Priyotomo 2013; Priyotomo et al. 2012) . It was found that the weight losses were not detected clearly and then the corrosion rate was negligibly small, although they were detected for both compounds in the low pH (region A in Fig. 11 ). This result corresponded to the fact that little change in surface appearance was observed before and after the EIC experiment with the same solution and test temperature under applied stress condition. In addition, we could not observe the presence of pits on the surface after the experiment. It is, thus, difficult to consider that SCC is responsible for EIC of these intermetallic compounds because SCC is induced by anodic reactions such as dissolution and film formation. For example, the SCC susceptibility of austenitic stainless steels (types 316 and 304) in chloride solutions decreased as pH increased and SCC did not occur at pH higher than 3 to 4 above which anodic reaction became negligible (Nishimura 1990) .
For a possibility of HE occurrence, corrosion occurs slightly even in neutral NaCl solutions compared with in HCl solutions, even though we could not observe directly it as described above. However, the decrease of t f with the rise in the test temperature as shown in the Arrhenius plots of Fig. 5 indicates the contribution of chemical reaction to EIC. Therefore, it is presumed that the anodic reactions such as dissolution (Eq.(2)) and formation of hydroxide (Eq.(3)) or oxide (Eq.(4)) would occur as follows:
where only Ni as the main element is taken into consideration for simplicity. At a very initial stage of corrosion reaction, dissolved oxygen contributes to cathodic reaction, whereas H + formed through Eqs. (2) to (4) would begin to be preferentially reduced after consumption of dissolved oxygen around the specimen surface. A part of H + would be reduced and the formation of H ad and H ab proceeds as expressed below,
where H ad is the adsorbed hydrogen and H ab the absorbed hydrogen. A portion of H ab would diffuse into the bulk and would cause an increase in the plasticity on a local scale as slip steps, which is defined hydrogen enhanced local plasticity (HELP) (Birnbaum and Sofronis 1994) , and the other would be possible to lead to the formation of hydride (Asaoka et al. 2002; Honotani et al. 1985; Wayman and Smith 1971) . Takasugi and co-workers (Takasugi et al. 1995a; Takasugi et al. 1995b ) have found that the fracture behavior of the intermetallic compounds was affected by the absorption of a small amount of hydrogen in moist atmosphere, which they defined HE. This may support that the EIC under the present experimental conditions takes place by HE. Furthermore, the high value of t ss /t f and the slope of the linear relationship between log l ss and log t f were close to those for both as-cold rolled Ni 3 (Si,Ti) and Ni 3 (Si,Ti) with 2Mo (Priyotomo et al. 2015) , Al-Cu alloy (Izumoto and Nishimura 2010) , pure Ti , austenitic stainless steel (Alyousif and Nishimura 2008) , and that suffered HE. Furthermore, the high value of t ss /t f of 0.98 suggests that fracture mostly occurred by embrittlement without ductile failure after EIC in a part of specimen, which has been generally observed in SCC. In addition, both intermetallic compounds have very high ultimate strength with high strain in room temperature where their strains reduce in 0.5 kmol/m 3 NaCl solution under at a constant applied stress for 313 K. Therefore, it is also presumed that these compounds would have the HE susceptibility. From the above considerations, it is summarized that the EIC of those intermetallic compounds in this work takes place by HE.
